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Materials from waste plastics for CO, capture and
utilisation

Jerald Y. Q. Teo,® Albert Ong,+° Tristan T. Y. Tan, & 42 Xin Li, © 42 Xian Jun Loh (2 &P
and Jason Y. C. Lim (0 »&b

Anthropogenic activities have resulted in a sustained increase in atmospheric CO, levels over the past
200 years. To mitigate this, materials capable of capturing or chemically transforming CO, have received
tremendous attention recently. However, porous materials such as polymeric adsorbents and metal-
organic frameworks (MOFs), which have demonstrated considerable success in carbon capture and utilis-
ation, are traditionally synthesized from non-renewable petrochemical feedstock. In line with recent trends
towards a circular materials economy, there have been greater emphases on functional materials design and
production from societal waste. Therefore in this Perspectives article, we highlight and discuss the possibility
of using waste commodity plastics as hitherto-overlooked low-cost alternative resources for the synthesis
of functional materials for CO, capture and utilisation. This not only reduces the quantity of waste plastics
disposed, but also offers a second lease-of-life to these polymers by keeping them in continuous use.
Herein, we examine how the polymer structures of commodity plastics have influenced the design of the
resulting carbon nanomaterials, polymeric adsorbents and MOFs for effective CO, capture and conversion
into useful chemicals, such as cyclic carbonates. With this field currently only in its infancy, we also discuss
the limitations of the current work, our opinions on further exploiting the potential of waste commaodity
plastics for CCU applications, and the essential considerations involved in this multidisciplinary endeavour.

1. Introduction

Since the mid-18™ century, anthropogenic activities have
cumulatively emitted an estimated 1.5 trillion tonnes of CO,,
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tration in the atmosphere is the primary driver of global
climate change, which could severely disrupt ecosystems and
human lives. Carbon capture, storage and utilisation (CCSU) is
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now recognised to be amongst the most promising technologies
to mitigate climate change,” in order to limit the global average
temperature increase to 1.5 °C above pre-industrial levels as rati-
fied in the 2015 Paris Agreement.’ Carbon capture refers to the
sorption of CO, from gas streams, traditionally with aqueous
amine solutions. Despite their technological maturity, such
amine-based absorbent solutions are disadvantageous due to
their energy-intensive and ineffective amine regeneration pro-
cesses, and corrosive nature.*” Moreover, a large volume of
liquid sorbents is required for carbon capture, where current
production is insufficient to support the scale of global CO,
emission.® Thus, recent years have witnessed increased research
interest in solid adsorbent materials, which are easy to operate
and regenerate with lower energy demands (30-50% reduction
compared with alkanolamine solutions theoretically),” and are
easy to retrofit.>° On the other hand, CO, utilisation refers to its
conversion into other products, such as catalytic conversion to
CO,-derived chemicals (e.g. urea and cyclic carbonates), poly-
mers (e.g. polycarbonates and polyurethane), fuels (e.g. metha-
nol and formic acid), mineralisation to carbonated aggregates
or concrete products, and biological utilisation.’®® A number
of solid materials have shown great promise for these appli-
cations, such as activated carbons, polymeric adsorbents and
metal-organic frameworks (MOFs), the last of which is
especially useful for their potential for CO, uptake, separation
and conversion."®"® Whilst these materials are traditionally pro-
duced from non-renewable petrochemical feedstock, many of
them can also be produced from societal waste products such
as post-use plastics. Despite their potential in addressing both
pressing environmental issues of high-volume unsustainable
waste plastic production and mitigating CO, emissions, valoris-
ing waste plastics into functional materials for carbon capture
and utilisation (CCU) has been surprisingly overlooked.

Of the ~6300 million metric tonnes of plastic waste pro-
duced cumulatively up to 2015, the bulk of them (~91%) are
not recycled and simply disposed after use or incinerated."
The US Environmental Protection Agency has classified waste
plastics into six major categories (SPI codes 1-6 in Fig. 1),
accounting for approximately 75% of all plastic waste pro-
duced. Of these classes of plastics, only polyethylene tere-
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phthalate (PET) and high-density polyethylene (HDPE) are
recovered and recycled to appreciable extents.”® Although tra-
ditionally possessing highly unsustainable linear cradle-to-
grave life cycles, waste commodity plastics are now increas-
ingly viewed as untapped resources for new materials
production.”™** Different methods of valorising waste plastics
have been developed: other than carbonisation,?® they can also
be subjected to post-synthetic chemical functionalisation to
form functional polymers,***> or broken down to form small
molecules which can be used as commodity chemicals (e.g
carboxylic acids),”®*” fuels, lubricants and waxes, and mono-
mers for repolymerisation.”® Tapping on waste plastics not
only reduces societal reliance on petrochemical feedstock for
new materials production, saving up to an estimated 3.5
billion barrels of oil, but also contributes significantly to econ-
omic growth and brings about considerable cost savings.>
Although degradable bioplastic alternatives such as poly
(hydroxyalkanoates) and poly(lactic acid) are becoming increas-
ingly popular, their market share remains small (<1%) com-
pared to their petroleum-derived counterparts,> and they have
not yet met the vast application scope of existing commodity
plastics.>® With the global plastic waste production projected
to continue unabated driven by increasing demand, potentially
tripling current production rates by 2060, innovative methods
to give waste commodity plastics new lease-of-life as functional
materials will be increasingly sought-after.

1.1 Designing materials for CCU from waste plastics

Plastics are carbon-rich organic polymers. Hence, of the
different porous materials available for CCU, they are most
suitable for valorisation into carbon-containing (1) polymeric
adsorbents; (2) porous activated carbons and (3) MOFs. CO,
can be adsorbed both by physisorption and chemisorption,
and a good understanding of the properties of CO, and how it
can interact with the adsorbents will be essential for designing
materials from waste plastics capable of high CO, uptake.
Although CO, is a linear centrosymmetric molecule bearing
no net dipole moment, the polarisation of individual C=0
bonds due to the greater electronegativity of the terminal oxygen
atoms dictates its interactions with adsorbent surfaces and reac-
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Fig. 1 Schematic illustration showing the global primary waste plastic generation in 2015,*° the majority taken up by the six major categories of
waste plastics (SPI codes 1-6). The unique chemical functionalities of PET, PUs, PVC and PS enable them to be exploited for CCU and their individual
properties suitable for valorising into different types of CCU materials (differentiated by colour) are described.

tivity. Physisorption of CO, arises from non-covalent inter-
actions such as ion-dipole (e.g M'---O=C=0), dipole-dipole
and van der Waal interactions with aromatic moieties.*>
Chemisorption of CO, can also occur, most often from the
nucleophilic attack of amine groups on adsorbents on the elec-
tron-deficient central carbon atom of CO,. Unsurprisingly, the
presence of heteroatoms (e.g. N, O, S) which confers polar and
nucleophilic active sites on adsorbents can improve CO, uptake.
In addition, there is a need for sufficient pore space and volume
(~tens of nanometres) to facilitate rapid gas transport and allow
unhindered gas-surface interactions. Finally, hydrophobic
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adsorbent surfaces can also enhance CO, uptake by reducing
the competitive binding of the active sites with water.*®

The thermodynamic stability of CO,, as the most oxidised
form of carbon, poses considerable challenges to its chemical
utilisation. Other than the need to overcome the highly
exothermic enthalpy of formation of CO,,** the conversion of
CO,, gas into a liquid or solid invokes considerable entropic
cost. Thus, reactions of CO, require highly reactive and energy-
rich substrates such as aziridines and epoxides, as well as
strong nucleophiles such as alkoxides, phenoxides and
organometallic reagents (e.g. organolithiums and Grignard
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reagents)."> Currently, CO, conversion reactions can be cate-
gorised into redox reactions forming reduced products such as
methanol and formic acid, or carboxylation reactions where
the whole CO, molecule is incorporated with another reactant
forming products such as cyclic carbonates.*® For CO, to be a
practical C1 feedstock, mild reaction conditions are needed,
which in turn also reduces the energy demands and carbon
footprint of the processes involved. Amongst various plastic-
valorised porous materials, MOFs currently offer the greatest
potential for CO, utilisation due to their possibility for high
CO, uptake, selectivity and chemical activation of CO, by
design.

The structural diversity of the six major categories of waste
plastics (SPI codes 1-6) offers different and unique opportu-
nities for valorisation into materials for CCU (Fig. 1). At the
time of writing, only PET, polyurethanes (PUs), poly(vinyl
chloride) (PVC) and polystyrene (PS), estimated up to 30% of
current plastic production, have been exploited predominantly.
With its high carbon and oxygen content, PET is suitable for
transformation into porous carbons that contain polar oxyge-
nated functionalities which aid in CO, adsorption.
Furthermore, PET’s susceptibility to solvolysis*® enables it to
be chemically converted into terephthalic acid, an important
MOF building block. Polyurethanes are useful precursors for
porous carbon adsorbents as their intrinsic nitrogen content
can enhance CO, uptake. Although PVC and PS possess non-
biodegradable and unreactive saturated C-C polymer back-
bones, the appended chlorine atoms and aromatic groups
make these polymers susceptible towards nucleophilic attack
and electrophilic substitution reactions, respectively, offering
the possibility of post-synthetic chemical functionalisation
into polymeric adsorbents. In this perspectives article, we will
first consider various examples of transforming waste plastics
into (1) polymeric adsorbents; (2) porous activated carbons or
(3) MOFs, before we discuss potential future directions and
possibilities of exploiting other types of plastics, such as the
currently largely-overlooked polyolefins for CCU.

2. Upcycling waste plastics for CO,
capture and utilisation
2.1 Polymers for CO, capture and utilisation

Porous polymeric adsorbents are light weight, possess high
surface areas for CO, uptake with porosity at the nanoscale,
and offer opportunities for bottom-up design to engineer
structural porosity and gas selectivity. There is ample scope for
post-synthetic functionalisation of commodity plastics for the
production of porous polymeric adsorbent materials, which
leverages the high-volume and low-cost production of com-
modity plastics. This upcycling approach is especially perti-
nent to commodity polymers that are known to be cost-prohi-
bitive and/or problematic to recycle, particularly expanded
polystyrene (EPS) foam and PVC.*”™*! Notably, EPS occupies a
high volume per unit mass (27 to 40 kg m>),** making it
costly to transport to recycling facilities, while PVC’s high
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chlorine content can generate highly-corrosive hydrogen chlor-
ide gas and chlorinated molecules during chemical proces-
sing, and releases hazardous plasticisers which are used in sig-
nificant quantities in commercial PVC formulations.*’

PS is useful for conversion to polymeric adsorbents due to
the susceptibility of its aromatic groups to electrophilic func-
tionalisation. Additionally, the m-electron-rich phenyl groups
in PS allow induced-dipole interactions with quadrupolar CO,,
which can lead to increased selectivity over N, and CH,.**™"’
Hypercrosslinked polymers (HCPs) and supported amine-func-
tionalised polymers are two main classes of porous materials
currently under development that have demonstrated good
adsorption capacity and selectivity for CO,.> Based on the
same working mechanism of alkanolamines, the introduction
of CO,-philic amine groups into polymers like PS and PVC has
been shown to be efficient in CO, capture.**>' Fu et al. pre-
pared HCPs via a one-pot Friedel-Crafts alkylation of waste
EPS with a 1,2-dichloroethane crosslinker (Fig. 2A).*> Among
the HCPs obtained, the highest observed CO, adsorption
capacity and CO,/N, selectivity were 1.987 mmol g~* and 23.4,
respectively, at 273 K. Later, Fu et al. explored the use of four
other crosslinkers to enhance the porosity of polymeric adsor-
bents derived from waste PS.*® Carbon tetrachloride-cross-
linked PS (Fig. 2B) was observed to give the best CO, adsorp-
tion capacity and selectivity over N,, with a value of
2.521 mmol g~ " and 37.8, respectively, at 273 K. Even after six
adsorption-desorption cycles, no appreciable decrease in the
adsorption capacity was observed, thereby demonstrating
excellent reusability. On the other hand, Wu et al. developed a
series of hybrid HCPs from commercial PS and octavinylsilses-
quioxane (OVS) crosslinker (Fig. 2C).>> The porosity of the
resulting HCPs can be fine-tuned by varying the PS/OVS ratio,
and sorption experiments under a CO,/N, gas mixture at 1 atm
revealed the maximum CO, uptake of 1.12 mmol g_l at 298 K.

Very recently, Merchan-Arenas et al. reported a two-step syn-
thesis of an amine-tethered PS adsorbent (PSNH,) involving
the nitration of waste EPS, followed by HCI/Sn-catalysed
reduction of NO, to NH, groups (Fig. 2D).>! When applied as a
solid support in the CO, capture process, PSNH, showed a
moderate adsorption capacity of 1.05 mmol g™ " at 273 K. This
could likely be improved by optimising the degree of PS amin-
ation. Gaikar and co-workers synthesized PS-based adsorbents
by functionalising chloromethylated PS with different
N-heterocyclic compounds.* Adsorption studies of CO,, N, and
CH, revealed that 2,6-bis-imidazo-1-yl-pyridine-4-carboxylic
acid (BIMP)-functionalized PS (Fig. 2E) resulted in the highest
CO, uptake and selectivity; the selectivities of CO,/N, and CO,/
CH, were 83 and 17, respectively. Although the equilibrium
adsorption constant, K, for all the adsorbates had increased
compared with the hydroxymethyl-PS control, the increase in K
for CO, was the greatest (i.e. higher selectivity for CO, over N,
and CH,). Notably, an energy penalty of 38 k] molco, " for
adsorbent regeneration is significantly lower than the current
state-of-the-art CCU systems (172 kJ molco, ™' for monoethano-
lamine),” thereby further reinforcing its potential in CO,
sequestration applications.

Green Chem., 2022, 24, 6086-6099 | 6089
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tionalisation of PS with BIMP to form multiple Lewis basic sites, (F) PVC amination and formation of composites with SBA-15 mesoporous silica, and
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Besides PS, waste PVCs are also a potential source of raw
materials for the development of polymeric adsorbents for
CCU. Sneddon et al. prepared a range of PVC-based/silica com-
posites by supporting varying amounts of aminated PVC on
mesoporous  silica.”® In particular, the ethylenediamine-
treated PVC/SBA-15 composite (Fig. 2F) comprising a 4 wt%
polymer gave the highest adsorption efficiency of 0.5 mmol g™
at 298 K. The adsorption-desorption kinetics study of this
composite estimated an energy consumption of 60 KkJ
molgo, ' for regeneration, which is a marked improvement
from monoethanolamine.>® Moreover, the increased hydropho-
bicity of the composites compared with pristine silica suggests
their suitability to operate under humid conditions, viz. they
will not be easily deactivated by moisture present in flue gases.

Other than CO, capture, a recent study demonstrated the
non-intuitive possibility of using PVC for CO, reduction, while
achieving simultaneous de-chlorination of PVC.>® Using
aqueous HCO;™ to simulate the CO, source when captured in
alkaline solution, PVC was able to reduce hydrogen carbonate
to formate at 300 °C in a batch tubular reactor. Mechanistic
studies suggest that under alkaline conditions, PVC will
undergo de-chlorination via elimination and substitution,
forming a nucleophilic intermediate that could engage in redox
reaction with hydrogen carbonate in water (Fig. 2G). With con-
version to formate of up to 16% yield and dechlorination
efficiency close to 100% achieved, the system shows promise as
a green waste plastic treatment and carbon fixation tool.

2.2 Porous activated carbon adsorbents from waste plastics

Porous activated carbons are amongst the most popular
materials for CO, adsorption due to their easy synthesis and
activation, affordability and ease of porosity manipulation.>®
Amongst the waste commodity plastics, PET has most fre-
quently been wused to produce porous activated carbon
adsorbents,®”° and this is facilitated by the well-established

4KOH+C 4K +CO, + HyO
6KOH+2C 2K +3H,+2K,CO;4
K,CO; K;0 + CO,
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collection and recycling infrastructure already in place for
post-consumer PET drink bottles. PET possesses high carbon
content for carbonisation, and the presence of oxygen atoms
confers polar sites within the porous carbon materials to facili-
tate CO, physisorption. PET typically needs to be activated by
potassium hydroxide (KOH) to generate micro and mesopores,
which are useful in CO, adsorption under ambient con-
ditions.®® The activation mechanism first involves the
decomposition of PET at high activation temperature, releas-
ing CO, and CO. These gases can then react with KOH to give
K,CO3, which in turn further reacts with carbon precursors to
release more gases, thus developing and enlarging the pores
within the carbon materials (Fig. 3A).>” Other than pore devel-
opment, KOH activation also functionalizes the carbon precur-
sors with additional oxygen-containing groups (e.g. carbonyl
and hydroxyls) that improves CO, binding. Elemental analysis
of activated PET adsorbents shows an increase in oxygen
content by weight from 11.71% to 34.33% when the KOH to
carbon mass ratio increases from 0 to 3, with a corresponding
increase in CO, uptake capacity. Indeed, porous carbons
formed by carbonising PET at 700 °C, and activated with a
KOH to carbon mass ratio of 3:1, have a CO, adsorption
capacity of 1.31 mmol g~* at 30 °C and allow complete regener-
ability up to four times with easy desorption.>”

Besides oxygen-containing groups, the incorporation of
nitrogen-containing groups into porous carbons can effectively
enhance CO, adsorption uptake and selectivity.®’® Lee and
co-workers® devised a way to incorporate nitrogen-containing
groups by the inclusion of urea during the KOH activation
process of carbonized PET. At high temperatures, urea and
NH; reacts with carbonized PET to generate H', NH,  and NH’
radicals. H' radicals could recombine to produce H, gas which
aids in pore formation, whilst the other radicals reacted with
oxygen-containing groups formed from KOH activation to
produce pyridinic-N and pyrrolic-N along with H,, CO, and

CO(NH,), — CONH + NHy
NH, = NI, +NII' +IT"
NHyNH,/NH' + (-C=0)/(-CO0-){(C-OH)
= C-NH + C-NH, + CO, +H, +I1,0
Carbonized PET + NH,
C-NH + C-NH, + CO, +H, +H,0

Active absorbent

Dehalogenation /

/cl cl ?I Cly
| L

),

O OH CI\

=
AN ——— 0
/

Crosslink

Cl

Fig. 3 Conversion of waste plastics into porous carbon nanomaterials for CO, absorbents: (A) KOH activation process for PET.>” (B) KOH/urea acti-
vation process for PET or PU foam.®4” (C) Dehalogenation and crosslinking process for PVC.%°
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H,O gases (Fig. 3B).°>°® After KOH and urea activation, the
sample displayed a nitrogen content of 3.23% and an oxygen
content of 18.80%. Compared to absorbents without nitrogen
doping, these microporous materials showed a significantly
higher CO, uptake (up to 4.58 mmol g~' at 25 °C) under
ambient conditions. Notably, nitrogen doping allowed a
higher CO, to N, selectivity, which is of utmost importance for
CO, adsorption from flue gases containing N, as a major
component.

To further assess the environmental impact of transforming
waste PET bottles into activated carbons for CO, adsorption, a
life cycle assessment was performed by Li and co-workers.>®
According to the analysis, PET absorbents require a large
amount of energy (5481 MJ kg™' of material) and water
resources (1261 kg/kg of material) during their lifecycle. CO,
desorption is mainly responsible for high energy consump-
tion. For water resource consumption, adsorbent preparation
and virgin PET preparation accounted for 50% and 30%
respectively. Despite the high energy consumption and water
consumption, the CO, capture potential of PET absorbents
still imposed a negative “Global Warming Potential”, capturing
over 2100 kg of CO, per kilogram of material with the pro-
duction of only 338 kg of CO, per kilogram of material
throughout its lifecycle.

Other than PET, PU foam is a useful precursor for micro-
porous materials for CO, capture. The resulting activated
carbon products possessed both oxygen and nitrogen function-
alities due to their presence in the original PU structure
(Fig. 1). This resulted in the formation of pyridine, pyrrole,
quaternary N, and pyridine N-oxide species after KOH acti-
vation even without the use of urea. According to Fan and co-
workers,*” CO, adsorption due to chemical interactions with
these basic nitrogen groups accounted for 20% of the total
CO, adsorption. The sample prepared under optimum con-
ditions showed CO, adsorption capacities of 6.67 mmol g~*
and 4.33 mmol g at 0 °C and 25 °C under 1 bar, respectively,
which was of comparable or higher efficiency than the afore-
mentioned PET-based activated carbons.

Considering that PVC is amongst the world’s most pro-
duced plastics,®® using PVC as a precursor for the production
of microporous CO, adsorbents is attractive. Zhang and co-
workers® developed a simple yet effective method to form
porous carbon spheres for CO, capture. PVC spheres were first
dechlorinated using sodium hydroxide in the presence of tetra-
butylammonium bromide as a phase transfer catalyst.
Dehalogenation proceeded concurrently with oxidative cross-
linking within the sphere”® to transform PVC from a thermo-
plastic to thermoset (Fig. 3C). Thereafter, pore creation
occurred by KOH activation. Because of the spherical nature as
compared to previous materials, the final sample prepared
possessed a high surface area of up to 1738 m> g~* with a well-
developed microporous structure, resulting in outstanding
CO, adsorption capacities of 8.93 and 5.47 mmol g”* at 0 and
25 °C respectively. Compared to 5A zeolites,”" these PVC-
derived activated microporous spheres can be regenerated at
much lower temperatures of 180 °C.
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In contrast to the aforementioned plastics, it is challenging
to produce porous carbons from polyolefins due to their low-
fixed-carbon content from thermochemical processes such as
pyrolysis, which tend to produce more low molecular weight
volatile compounds. Nonetheless, very recently, Tour and co-
workers demonstrated that pyrolysis of HDPE, LDPE and PP in
the presence of potassium acetate salt could yield porous
carbons with pore widths of 0.7-1.4 nm for CO, capture,
instead of valueless carbon char.”” Single or mixed polyolefin
feedstock could afford sorbents with CO, capacities of
3.80 mmol g~ (1 bar CO,, 25 °C), and could be easily regener-
ated at approximately 75 °C.

2.3 Plastic-derived metal-organic frameworks (MOFs)

MOFs are a class of porous materials built from metal nodes
bridged by organic linkers.”> Many MOFs feature enormous
internal surface areas from 1000 to 10 000 m® g~ and perma-
nent nanoporosity,’* and have been intensely studied as
materials for CO, adsorption and separation.”®”® In addition,
the functional variability of both the inorganic and organic
components also allows for the design of MOFs as catalysts for
the activation and conversion of CO,.”®”” The transformation
of waste plastics into materials that can be used for the
organic component of MOFs would thus be an attractive way
to upcycle plastics into materials for CO, utilization.

The core organic component of many prototypical MOFs is
terephthalic acid, which is also a major component of PET.
The ability to extract terephthalic acid from PET via simple
hydrolysis, which can then be used as an organic linker in
MOFs, allows for the use of waste PET as an abundant and
accessible MOF feedstock. Indeed, several reports have already
demonstrated that several MOFs can be synthesized using PET
as a starting material (Fig. 4A).”®®> The synthesis details of
making MOFs out of PET derived terephthalate have already
been well reviewed by El-Sayed and Yuan,”® and we will there-
fore focus on reports with specific applications towards CO,
capture and utilization.

In 2016, Lo and coworkers demonstrated that waste PET
pieces could be directly used as a terephthalate source for
various MOFs known to adsorb CO,, namely MIL-47, MIL-53
with different metals (Al, Cr and Ga) and MIL-101(Cr).®* Using
their reported synthetic procedures, waste PET could be hydro-
lysed in situ and thus transformed directly into the MOF in the
presence of a metal precursor in good yield, with quantitative
utilization of the PET in the cases of MIL-47, MIL-53(Ga) and
MIL-101(Cr). CO, adsorption of the PET derived MIL-53(Cr)
and MIL-101(Cr) was measured and found to be comparable to
CO, adsorption by MOFs synthesized from commercial ter-
ephthalic acid. In addition, the PET derived MIL-47 and
MIL-101(Cr) demonstrated good catalytic activity for the syn-
thesis of cyclic carbonates from CO, and epoxides, using tetra-
butylammonium bromide as a cocatalyst.

More recently, Song and coworkers reported the upcycling
of waste materials into Ni MOFs which were effective photo-
catalysts for the reduction of CO,.”® Impressively, both the metal
and the organic component were derived from waste materials,
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the metal source being electroplating sludge and the tere-
phthalate again coming from PET. The authors then compared
catalytic activity of the waste material derived MOFs to those
synthesized using materials from commercial sources. The
photocatalytic reduction of CO, to CO, using [Ru(bpy);]*" as a
photosensitizer and triethanol amine as an electron donor,
was investigated and it was found that the Ni MOFs derived
from waste materials performed just as well as the Ni MOFs
derived from commercial sources, and neither using tere-
phthalate derived from PET nor nickel from electroplating
sludge appeared to have any detrimental effect on catalytic
activity.

Terephthalic acid obtained from polyesters such as PET or
poly(butylene terephthalate) (PBT) can also be combined with
polyoxometalates to form polyoxometalate-based metal-
organic frameworks (POMOF) (Fig. 4B).*> These POMOFs,

This journal is © The Royal Society of Chemistry 2022

which exhibited high thermal and chemical stability, could be
synthesized in one pot directly from PET/PBT in the presence
of POMs under hydrothermal conditions. One of the nickel
based POMOF, PET-Ni-POMOF, was tested as the catalyst for
the cycloaddition of epoxides and CO, into cyclic carbonates.
Unlike most MOFs which require a co-catalyst to activate CO,,
POMOF alone is sufficient to catalyse the reaction for a wide
range of epoxides with conversions mostly above 95%
(Fig. 4B). The POMOF catalyst was found to be structurally
robust enough to withstand 10 cycles of repeated recycling,
remaining structurally intact with negligible loss of catalytic
performance. Other than pure CO,, using an N,/CO, mixture
which simulated flue gas from coal-powered plants could still
afford high cyclic carbonate yields of up to 82.5%, showing the
prospect to be used in industry for CO, capture and
utilisation.
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Beyond using the MOFs directly, materials derived from
MOFs have also been demonstrated to be useful in the utiliz-
ation of CO,. Recently, Karam and coworkers reported the syn-
thesis of MIL-53(Al) using terephthalic acid from PET waste,
after which the MOF was impregnated with a Ni"" solution, cal-
cined in air to convert the MIL-53(Al) to porous Al,O;, and
treated with H, at 800 °C to reduce Ni" to Ni°.®° A similar pro-
cedure was carried out with MIL-53(Al) synthesized from com-
mercial terephthalic acid. The obtained materials were then
tested for the catalytic conversion of CO, and CH, to H, and
CO, also known as methane dry reforming. Notably, although
the terephthalate itself is not part of the final material used in
the catalysis, its initial use to make MIL-53(Al) is important to
give the final Al,O; a porous morphology, as the authors
demonstrate that using commercial Al,O; directly as a substrate
lead to poor catalytic activity. Furthermore, a comparison of the
MIL-53(Al) derived materials showed that the materials
obtained from PET-derived MIL-53(Al) showed similar reactivity
to the materials derived from commercial sources.

3. Conclusions and perspectives

Our aforementioned survey of the literature has revealed con-
siderable potential in upcycling existing commodity plastics
into materials for CCU, which is arguably only currently in its
infancy. With rising concentrations of anthropogenic CO, in
the atmosphere, new and diverse strategies are urgently
needed to reduce its resulting environmental and societal
impacts. Although various porous materials are known to func-
tion effectively as CO, adsorbents, materials which can also
convert this useful C1 feedstock into useful chemicals rep-
resent an attractive means for CO, valorisation by keeping
them within circular chemical loops. Indeed, giving used com-
modity plastics a new lease of life as CCU materials could rep-
resent an attractive means to mitigate the global waste plastic
problem, whilst simultaneously contributing to CO, removal
as alternative materials to potentially replace the non-ideal
incumbent alkanolamine solutions. While polymeric adsor-
bents from waste plastics allow for a high degree of bottom-up
designability for selective and high CO, uptake, their often
relatively complicated synthesis can make scaling-up difficult.
Porous carbon materials generally possess high physico-
chemical stability, but their CO, selectivity and adsorption
capacities are often poor. Although MOFs can allow CO,
selectivity, high adsorption capacities and are versatile in
applications (i.e. allowing CO, utilisation to be also engin-
eered), their large-scale production can be challenging and
costly. Indeed, there is much room for further exploration with
only PET, PVC, PU and PS amenable for conversion to
materials for CCU now, up to 70% by mass of the available
commodity waste plastics remain to be exploited. This section
will outline some prospective future research directions in this
burgeoning and highly-interdisciplinary field.

Of all the waste plastics produced today, polyolefins (com-
prising polyethylenes and polypropylene) are the most abun-

6094 | Green Chem., 2022, 24, 6086-6099

View Article Online

Green Chemistry

dant, making up close to 50% of the world’s plastic waste
(Fig. 1)."° Despite this, their upcycling into materials for CCU
is heavily underexplored. As they comprise solely of highly-
unreactive C-C or C-H bonds, post-synthetic functionalisation
with CO,-philic amine groups to form polymeric adsorbents is
highly challenging. Due to their low fixed carbon content, they
are often unsuitable for conversion to porous carbon nano-
materials. Moreover, they also lack electronegative heteroatoms
that confer polar sites to aid in CO, adsorption. With recent
advances in post-synthetic polyolefin C-H activation chemistry,
however, it is now possible to incorporate hydroxyls,
carbonyls®”° and amines®** directly onto these polyolefins
(Fig. 5). Other than allowing easy grafting of other functional
units (e.g. polyamines) through these versatile groups to form
polymeric adsorbents, these functionalised polyolefins could
be further activated with KOH to form activated carbon
materials for CO, capture. Indeed, considering the vast scale
of polyolefin production, lack of feasible alternatives to replace
them in the foreseeable future and their popularity as single-
use packaging materials,*® effective utilisation of polyolefins
may be poised to bring about the greatest impact in waste
plastic valorisation efforts.

For PET-derived MOFs, it is clear that sourcing terephthalic
acid directly from PET had no detrimental effect on the per-
formance of the resulting materials, thus making PET up-
cycling into MOFs indeed a promising route for using waste
plastics in CO, utilization. However, an inherent limitation is
that only MOFs built from terephthalic acid are accessible,
while one of the aspects of MOFs that make them versatile is
the ability to vary and tune the functional groups on the
organic linker. For instance, the simple inclusion of an amino
group on the linker has been shown to greatly improve the
adsorption of CO, by MIL-53 °> and Ui0-66.°*°” Furthermore,
the addition of an amine group can also be used to tune the
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bandgap of MOFs,”® and thus tune their photocatalytic activi-
ties for CO, utilisation.”® We thus envision that the next step
in the upcycling of plastics into functional MOFs would
require further chemical functionalisation of the resulting ter-
ephthalic acid. Other than PET, MOFs may also be synthesized
from other types of plastics. Poly(ethylene 2,5-furandicarboxy-
late) (PEF), which is growing in importance as a biomass-
derived replacement for PET,'°® can be a source of 2,5-furandi-
carboxylic acid that can be used to synthesize analogous
MOFs. Indeed, MOFs derived from 2,5-furandicarboxylic acid
such as MIL-160 have already been demonstrated to be promis-
ing materials for CO, adsorption and separation.'®"'%?
Although only the aromatic dicarboxylic acid component of
PET and PEF are useful for MOF synthesis, the ethylene glycol
component can conceivably also be upcycled into other chemi-
cal feedstocks, for instance, diformates through electro-reform-
ing.'®® In addition, a mixed-linker MOF with terephthalate and
lactate ligands was synthesized directly from waste poly(lactic
acid) (PLA) and terephthalic acid recently.'®* Although not
demonstrated in reported work, the resulting lactate-contain-
ing MOFs could be exploited for CO, capture. Furthermore, the
use of chiral lactate linkers derived from PLAs of different tacti-
cities could in principle also afford enantioselective CO, conver-
sion to chiral cyclic carbonates. Although the global market for
these chemicals is small, one should not undermine their con-
tributions, as their high value can help monetise CCU and still
contribute towards CO, utilisation. In order to meet negative
CO, emission targets and turn CCU into a financially-lucrative
endeavour, many large volume CO, sinks and products need to
be prioritised in the grand scheme of things.

There are other possible applications of plastic-derived
materials for CCU other than the aforementioned that can and
should be explored. Terephthalate-based MOFs, which can be
synthesized directly from waste PET, can also be studied for
electrocatalysis. For instance, MIL-53 (Al) (not PET-derived)
was shown to electrochemically reduce CO, to CO and formic
acid up to a total of 40% faradaic efficiency.'” Two-dimen-
sional porous structures could also be derived from waste plas-
tics that allow CO, utilisation-one may take inspiration from a
2D Cu-terephthalate material that could reduce CO, to ethyl-
ene with up to 50% faradaic efficiency.'®® The use of PET-
derived terephthalate-based MOFs for photocatalytic CO,
reduction is also ready for further development, with more
one-pot synthesis protocols of diverse MOF photocatalysts
directly from PET necessary to be developed. Other than
Song’s PET-derived example of photocatalytic reduction of CO,
to CO,”° numerous other terephthalate-based MOFs such as
MIL-125(Ti), MIL-88(Fe), MIL-53(Fe), MIL-101(Fe), and their
amine functionalised counterparts, can be studied, as these
have displayed photocatalytic activity in reducing CO, to
formate.'”” Not only is waste plastic cheaper than pure ligand
feedstock, the formation of MOF in situ effectively bypasses the
purification of products from waste plastic depolymerisation,
further saving costs in energy.

Although waste-plastic-derived porous carbons are effective
CO, adsorbents, their use in CO, utilisation has thus far not
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been explored. The interested reader may take inspiration
from porous carbons derived from biomass sources. For
instance, Yang et al. very recently demonstrated the prepa-
ration of N-doped porous carbons from chitosan and NaNH,
under solvent-free conditions, with the NaNH, functioning
both as a nitriding agent and porogen.'® Other than showing
above-average CO, adsorption capacity, the resulting porous
carbons could be used as a promoter for the N-formylation of
a range of amines with CO, (10 bar) in the presence of a hydro-
silane. These N-doped porous carbons functioned both as a
CO, adsorbent, which increased the gas’ accessible reactive
concentration in the liquid phase, and as CO, activator at the
Lewis basic N-sites within the material. Conceivably, the chito-
san used in this work could be replaced by N-containing plas-
tics such as polyurethanes or polyamides (e.g. nylons), with
nitrogen content further increased using NaNH, in the result-
ing porous materials. The usage of plastics-derived porous
carbons for CO, utilisation would vastly improve the appli-
cation space for these versatile materials, ideally under benign
reaction conditions and low CO, pressures (i.e. 1 bar).

One must also consider the end of life for these waste
plastic derived structures, as difficult recyclability ultimately
undermines the goal of material circulation. It is our view that
the post-synthesis functionalisation of commodity plastics
actually facilitates their chemical degradation, as this intro-
duces more reactive functional groups which could aid in cata-
lyst coordination for catalytic polymer cleavage. Ultimately,
these functional polymers could be broken down into small
molecule carboxylic acids which can be fed back into the
chemical industry through processes such as photoreform-
ing'% or Fenton oxidation."'® MOFs, on the other hand, could
in principle be recycled by first breaking them down to their
constituent metal ions and ligands, then re-synthesizing them
again to form pristine MOFs for CCU.""" While porous acti-
vated carbons cannot be recycled, they are in essence fly ash
that could be buried with existing waste management
protocols.

Other than the three main classes of plastic-derived
materials that we have discussed, new avenues for CCU may be
envisaged using waste plastics. One possibility is their usage
as scaffolds for the biofixation of CO,. For instance, modified
polystyrene (PS) could enhance the activity of bacteria
Actinobacillus succinogenes when added to the culture broth.'*?
Owing to the high absorbance of amine-functionalized PS
microspheres, CO, supplied to the bacteria was increased,
enhancing the bioproduction of succinate from CO, by 1.6
times. Various algae-plastic composites were also developed in
recent years, allowing algae produced from CO, biofixation to
be utilised effectively.'***>

Thus far, the synthesis of each class of plastic-derived CCU
materials utilises single-component plastic feedstock. This is
inevitable for the synthesis of polymeric adsorbents and
MOFs, as the chemistry involved is inherently specific to each
class of plastics used. For instance, the electrophilic substi-
tution chemistry for PS upcycling is unsuitable for PVC, and
vice versa. For MOFs, the presence of other contaminants
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within the PET plastic feedstock could negatively impact the
crystallinity and accessible pore space of the derived MOFs.
A well-established collection and sorting infrastructure exists
predominantly for PET,''° one of the most recycled types
of plastic worldwide mainly from used beverage bottles, and
is lacking for other plastic types, such as PS, which forms a
major component of municipal waste. Waste plastic sorting is
currently a bottleneck of plastic valorisation efforts around the
world, and requires concerted and dedicated efforts from legis-
lators, companies and individuals. Nevertheless, we view
efforts to valorise waste plastics for different applications,
including for CCU described herein, as providing the necess-
ary incentives to drive further advances in waste plastic sorting
technologies. A feasible way to bypass the arduous sorting is to
use mixed plastic feedstock for generating porous carbon
materials for CO, capture, though rarely demonstrated at
present. Recently, porous carbon nanosheets synthesized by
catalytic carbonization of a mixture of PE, PP, PS, PET and PVC
on organically-modified montmorillonite have been reported
to show excellent CO, adsorption behaviour.'’” More emphasis
on the use of mixed plastic feedstock for producing porous
carbon nanomaterials should take place.

Although giving waste plastics a second life for CCU has
obvious merits from a sustainability standpoint, it is also
important to consider the environmental trade-offs holisti-
cally, especially across the life cycles of the resulting CCU
materials. In this regard, performing life cycle assessments
(LCA) will be very helpful in evaluating their environmental
impacts, and identify the key areas of improvement for greater
sustainability."'® Important processes which need to be con-
sidered include sorting and transportation of waste plastics,
the actual material synthesis parameters (i.e. temperature, dur-
ation, use of solvents), energy required for material regener-
ation (i.e. CO, desorption), as well as additional wastes gener-
ated during waste plastic conversion, which include solvents
and side products from reactions. The waste generated from
these processes can be substantial, especially if multiple steps
are required for sorbent material production from waste plas-
tics, and can outweigh the benefits of plastics upcycling. To
the best of our knowledge, other than activated carbons from
waste PET,*® comprehensive environmental assessments have
not yet been performed for other CCU materials such as poly-
meric adsorbents and MOFs from waste plastics. Indeed, only
materials which can achieve negative CO, emissions should be
considered. As outlined by Ramirez, to qualify for negative
emissions, gases removed from the atmosphere which are per-
manently stored should be greater than the amount of emis-
sions associated with the removal and storage process."'® To
minimise the environmental impact of such materials, envir-
onmentally-hazardous solvents (e.g. chlorinated solvents and
aromatic hydrocarbons)'*® should be avoided, or even better,
solvent-free upcycling methods should be developed, processes
should be streamlined to as few steps as practically achievable,
and usage of distributed renewable sources of energy (e.g.
solar power or solar heating) should be considered wherever
possible.
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The aforementioned plastic-derived CCU materials have
thus far been demonstrated to work effectively on the lab-
scale. However, for any practical implementation to be poss-
ible, a number of considerations need to be factored in, which
include performance in the presence of moisture, long-term
physicochemical stability and tolerance to impurities (which
can deactivate catalysts for CO, utilisation), cost of material
synthesis and fabrication into the correct form-factor for appli-
cation, ease of scalability and ease of materials regeneration.
In order to justifiably replace the incumbent commercial
amine-based solutions for carbon capture, alternatives need to
offer superior practical performances with minimal differences
in cost. Despite preliminary research showing enhanced per-
formance for porous materials, they currently lack validation
at large practical scales, unlike amine-based solutions (e.g. the
Shell CANSOLV® CO, Capture System).'”' While plastic-
derived porous carbons may be potentially cost-competitive,
polymeric adsorbents and MOFs are disadvantageous in this
respect, despite their often superior CO, uptake capacities and
selectivity. However, these economics may soon change with
new capabilities being developed for large-scale MOF syn-
thesis."**> Production prices are slated to drop as well, and
prices as low as $10 per kg have been estimated for MIL-160
(A1),"** a 2,5-furan-dicarboxylate-based MOF which could in
principle be produced from PEF.

Upcycling waste plastics into materials for CCU offers
new opportunities to amalgamate these apparently disparate
fields of research. As an extremely low-cost resource, the use
of waste plastic feedstock could substantially lower the cost
of materials production, whilst simultaneously reducing our
reliance on petroleum-derived chemicals for their pro-
duction. Indeed, the structural diversity of waste commodity
plastics offers a vast palette for innovative materials design
for CCU. Other than the most common commodity plastics,
one may also consider niche polymers, for instance engineer-
ing thermoplastics such as polyether ether ketone (PEEK) as
starting materials, which provide excellent mechanical
strength. Even next-generation bio-based plastics such as
polyhydroxyalkanoates may be conceivably exploited. Other
than CCU from post-combustion point sources, it is our
hope that ultimately, some of these plastic-derived materials
will be able to achieve the ambitious target of direct air
capture of CO,, which will be a significant breakthrough
both for achieving both a circular materials economy and a
zero-carbon society.
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